INTRODUCTION.
In an earlier paper, Kendall et al. (2008) (hereafter KKCT08), near infrared (NIR) and optical data were used to investigate the spiral structure in M81. This paper is the first of two which aim to present a similar analysis of all suitable galaxies in the Spitzer Infrared Nearby Galaxies Survey (SINGS - (Kennicutt et al. 2003) ).
The NIR is a good choice of wavelength with which to study the mass distribution in galaxies, because the emission is dominated by red giant stars, which are good tracers of the underlying stellar mass distribution. In contrast, optical wavelengths tend to have disproportionately high contributions from massive young stars which have a much lower mass-to-light ratio (M/L) than longer lived, lower mass stars. Thus the optical is not a suitable tracer of the stellar mass unless a correction is made for these young stars. Conveniently, it is often possible to correct optical wavelengths for this effect, (Bell & de Jong 2001) , and this approach is discussed further in section 2.2.
The motivation for this work is found in the complexities, and at times controversy, surrounding the study of galactic spiral structure. Although the subject is more than fifty years old, we are still a long way from fully understanding these beautiful features. The ⋆ E-mail: sak39@ast.cam.ac.uk main theoretical approaches can be divided into two main groups; firstly the quasi-stationary spiral structure (QSSS) theory proposed by Lindblad (1964) and developed further by Lin & Shu (1964 , 1966 . The counter arguments are in favour of transient spirals driven by tidal interactions or bars, such as envisaged by Toomre in his swing amplification theory (Toomre 1981) , or supported by solid-body rotation (Kormendy & Norman 1979) .
Fundamental questions which have yet to be settled fully concern the origins of galactic spirals; do spiral arms arise spontaneously in stellar discs or do they require some mechanism to provide a driving force (either external, for example a companion galaxy, or internal, such as a central bar or oval distortion)? In the latter case, does long lived spiral structure imply that the trigger is itself longlived, in which case one would expect to see a good correlation between grand design spiral structure and features such as bars and companions. The effects of bars and companions have been addressed in both computational and theoretical work (Toomre 1981; Byrd & Howard 1992) and observational studies (Kormendy & Norman 1979; Elmegreen & Elmegreen 1982 , 1989 ; Seigar & James 1998) with evidence that companions in particular may be significant (e.g (Elmegreen & Elmegreen 1982 ; Seigar & James 1998)).
Related to this is the question of the lifetime of these spiral patterns; are they long lived, lasting in excess of a Gyr with little or no evolution of the pattern, or are they instead transient (and if the latter, how transient)? In the QSSS picture, a rigidly rotating spiral pattern may represent a normal mode of the system and can thus be self-sustained for many rotations. On the other hand, if a companion is providing the necessary stimulus then a pattern could reasonably be expected to evolve as the interaction proceeds (Dobbs et al. 2010; Oh et al. 2008) . Even in an isolated spiral, the pattern may evolve over little more than a dynamical time. Indeed, N-body simulations such as (Sellwood & Carlberg 1984; Bottema 2003 ) (see also (Clarke & Gittins 2006; Dobbs & Bonnell 2008) ) suggest that the spiral features in isolated discs may be transient but regenerative features which are ill described as global modes with radially constant azimuthal wave number and pattern speed. At the same time, such simulations also exhibit secular evolution of spiral structure in the sense that this 'washes out' with time unless the disc is 'cooled' through the continuous creation of new stars on dynamically cold (near circular) orbits. This latter effect may however be over-estimated in many numerical studies due to resolution effects causing enhanced heating (Semelin & Combes 2002) . The effects discussed so far all relate to the evolution of structure in the underlying mass distribution (Sellwood 2000) , but we note that evolving spiral features are also expected in the opposite scenario (i.e. that of SSPSF -stochastic self propagating star formation - (Mueller & Arnett 1976; Gerola & Seiden 1978) ) where -as an extreme -the spiral pattern could be largely independent of disc self-gravity but merely be a kinematic effect associated with the shearing of chains of star formation regions in which each star formation event triggers its neighbour. Naturally, were it the case that spiral arms indeed only involved the young stellar population, then one would not expect to see significant spiral structure in the NIR.
The different spiral properties of galaxies may be loosely subdivided into grand design and flocculent types (Elmegreen 1981) . The discs of grand design galaxies are dominated by two well defined spiral arms -typical examples are M81 or M51. Flocculent galaxies are much more patchy, with short wispy segments of spiral structure but no clear ordered pattern: good examples of flocculent spirals are NGC 7793 or NGC 3621. Elmegreen made this classification based on B band images, which mainly traces the response of the young stellar populations (and underlying that, the structure of the star forming gas). An interesting question (which also tests whether spiral structure is indeed a self-gravitating phenomenon that involves most of the galaxy's stellar mass) is whether the stellar mass also mirrors the B band, or whether some optically flocculent galaxies may have grand design structure in the NIR, and vice-versa.
In order to address these questions, it is important to be able to characterise the morphology of the spirals accurately; information about the strength and shape of the pattern, particularly the amplitude of the arms relative to the disc and the pitch angle, can be compared to theoretical predictions. This information, especially when combined with simulations, is our best hope of reaching a better understanding of spiral structure. Examples of correlations that have been predicted include, for QSSS theories, a dependence of pitch angle on Hubble type (Lin & Shu 1966; Roberts et al. 1975) . If the arms are instead expected to shear, then pitch angle should correlate with the rate of shear of the disc. Finally, if the spiral arms are caused by tidal interactions then the relationship between pitch angle and amplification factor is important (Toomre 1981) . The amplitude of the spiral arms is also expected to depend on Hubble type and related parameters such as mass concentration, since these are all factors which influence the Hubble classification of a galaxy. In addition, the amplitude of the spiral arm is expected to correlate with star formation, since the gas is expected to shock more strongly for larger amplitude spiral arms (Roberts 1969) , and thus star formation will be enhanced due to the increase in gas concentration (Kennicutt 1998 ). In addition, information about the morphology of spiral arms is of use when considering the effects of spirals on the host galaxies; massive structures, such as the spiral arms in grand design galaxies like M81 or M51, are large enough to exert significant gravitational torques on the galaxy. Thus, the better we are able to characterise the mass distributions, the better we can model the galaxies.
To this end, the purpose of this study is to analyse the spiral structure in a range of different spiral types, ranging from grand design spirals such as NGC 5194 (M51) to optically flocculent galaxies like NGC 7793. The excellent resolution and depth of the Spitzer data should allow us to obtain much more accurate estimates of the degree of non-axisymmetric structure in these galaxies, and as a result, provide useful constraints and tests for theories of spiral structure. This work builds on many previous surveys of spiral structure in the infrared - (Schweizer 1976; Elmegreen et al. 1989; Seigar & James 1998; Grosbøl et al. 2004 ), but takes advantage of the new wavelengths available from Spitzer, in particular the 3.6µm which is found to be an excellent tracer of stellar mass, as discussed later in this work. In addition, Spitzer offers improved resolution in the NIR, with PSFs of 1.7 and 2 arcsec in the 3.6 and 8µm bands respectively. This paper introduces the SINGS sample and the criteria for choosing the galaxies used in this work. The methods used to relate stellar mass to the light distribution are presented and discussed (Section 2). In Section 3, we divide our sample into a detailed sample of 13 galaxies in which we can trace well defined m=2 spiral arms over a reasonable radial range; for each of these galaxies, Section 3.1 reports on the radial variation of arm amplitude and also on any azimuthal offset between the stellar spiral (as measured at 3.6µm) and the 8µm, which is assumed to be a tracer of the gas shocks. Section 3.2 lists the 13 galaxies which we deem to be not grand design as well as a further 5 galaxies which exhibit an evident spiral pattern but where the analysis is complicated by factors such as a strong bar or pronounced asymmetry in the arms. We defer a detailed inter-comparison of the properties of our galaxies in the detailed sample until a following paper (Paper II). For the purpose of this paper we focus on conclusions that can be drawn from the intercomparison of the host galaxy properties of galaxies which either are or are not grand design in the near infrared. Thus we examine (Section 4) the association between grand design structure in the NIR with optical grand design structure, with Hubble type and with the presence of bars and of companions. We also examine whether prominent m=2 (i.e. grand design) spiral structure is necessarily associated with a greater overall level of non-axisymmetric structure. We summarise our main conclusions in Section 5.
METHODS.
This work makes use of the infrared array camera (IRAC: Fazio et al. (2004) ) on Spitzer. The two shortest wavelengths, 3.6 and 4.5µm, can be thought of as tracers of the stellar mass distribution. Band 4, the 8µm data, is used as a tracer of the shocks induced in the gas. The IRAC data reduction is described in Regan et al. (2004) and the SINGS documentation. The SINGS sample also provides complementary data in other wavelengths; of particular use to this work are the optical bands (standard B, V and I filters). In a few cases, SINGS optical data were not available or incom- Figure 1 . NGC 4321. Left; the kinematically constrained residuals from the kinematically constrained GALFIT fit (PA = -28.0 b/a = 0.89). Right; the residuals from the unconstrained fit (PA = -68.2 b/a = 0.87). This is a good demonstration that the kinematic constraints on the fit do not greatly affect the appearance of the residuals; the measured differences in amplitude and phase come from the differences in position angle and axis ratio (or ellipticity) of the sampling ellipses.
plete, in which case Sloan Digital Sky Survey (SDSS) g,r, and z band data were substituted instead.
In order to select the candidate galaxies, all spirals in the SINGS sample with inclinations 70 o , as determined by either Daigle et al. (2006 ), de Blok et al. (2008 , or Dicaire et al. (2008) (D06, D08 or dB08), were included for analysis. If multiple studies covered a galaxy and the values lie either side of 70 o , the galaxy was included in the selection. Galaxies with high inclinations are harder to analyse for spiral structure, hence the imposed cut-off. In addition, again to aid the analysis, a size constraint was applied such that only galaxies with D25 5.0 arc minutes were included. Thus, the numbers in the sample are limited; of the 75 SINGS galaxies, 44 are spirals, and only 31 satisfy the inclination and size requirements.
The method used to extract and analyse the morphology is similar to that described for M81 in KKCT08. The process of extracting the spiral structure is not expected to be as straightforward in all cases (M81 was chosen because it is a relatively simple example). A full discussion for each galaxy is reserved for Section 3.1 but some specific examples are noted in the following section.
The first step in extracting the non-axisymmetric structure for analysis is to fit the axisymmetric components of the galaxies using GALFIT (Peng et al. 2002) , a 2D fitting algorithm. This was achieved using a Sersic bulge, exponential disc, and tilted plane for the background. However, unlike the case of M81, initially the ellipticity (e, = 1-b/a where b/a is the axis ratio of the ellipse) and position angle (PA) of the disc were not allowed to vary freely. Instead, the values were constrained to lie within limits imposed by kinematic data from D06, D08 or dB08. The model galaxies were then subtracted from the data in order to produce residual mass surface density maps. However, on examining the results it became apparent that it is not always appropriate to use the kinematic values to constrain the fits. As a result all galaxies were also fitted with the disc parameters unconstrained. The results from the two fitting processes were then compared to decide which option is better for each galaxy. As can be seen in Figure 1 , the differences in the appearance of the residuals between the two fitting methods are often negligible. In these cases, differences in results come largely from the shift in the sampling ellipses, as can be seen in Figure 2 .
In other cases, particularly for more inclined galaxies, the ap- Figure 2 . NGC 4321, showing the ellipses for kinematically constrained fits and the unconstrained (pure-photometric) fits produced by GALFIT, which have position angles of -28.0 and -68.2 respectively (angle increases counterclockwise from North, which is upwards in this figure) . This illustrates how, even if the residuals are largely unaffected by the differences in fit, large variations in the azimuthal profiles are achieved because features in the residuals are transected at different angles and radii.
pearance of the residual image can be strongly affected by the different fitting parameters. For example, the kinematic ellipticity constraints worsened the fit of NGC 2841, and introduced an artificial m=2 signal into the residuals. In the majority of cases the photometric fit was preferable, as the kinematic fit to the phase was clearly unphysical. The residual images tended to have significant small-scale structure, believed to be predominantly due to polycyclic aromatic hydrocarbon (PAH) features, with some contributions from young stars. PAHs (polycyclic aromatic hydrocarbons) are large molecules which absorb starlight and re-emit in the near-to-mid IR. PAH emission is located at the boundary between HII regions and so called photo-dissociation regions (Relaño & Kennicutt 2009 ) that border the HII regions. In addition to a continuum, PAHs have well defined peaks in emission. One such emission feature at 3.3µm (Tokunaga et al. 1991; Duley & Williams 1981 ) falls within the IRAC 3.6µm bandwidth, and so this is the most likely cause of much of the contamination on small scales. PAH emission is also found in the 8µm waveband, and this was used to reduce the contamination in the 3.6µm data by subtracting a scaled version of the 8µm data. The exact method is as follows: the 8µm data were corrected for the stellar continuum emission by the subtraction of a scaled version of the 3.6µm model galaxy created by GALFIT. The scaling constant used was 0.232, as given by Helou et al. (2004) . It should be noted that, in using the model, rather than the original 3.6µm image, to subtract the stellar continuum from the 8µm data, the variation in continuum contribution over the spiral arms is not taken into account. However, the original image has been shown to contain PAH emission; by using the model the risk of affecting the PAH contribution to the 8µm emission is eliminated. The effect of this approximation (after all corrections) is that the 3.6µm flux will be slightly lower on the spiral arms than if the full 3.6µm image been used to remove the continuum, but by less than a factor of ∼0.05. This small change is unlikely to be noticeable above the noise in the data. The systematic effect on the phase (if noticeable) will be to reduce the offset measured between the 8µm peaks and the density maximum in the stellar spiral wave by slightly increasing the amplitude of the 8µm feature in phase with Figure 3 . PAH correction; example of PAH corrections for NGC 0628, using the 3.6 µm image. Clockwise from top left are PAH corrections of 0.03, 0.05, 0.09 and 0.07. This clearly shows the effects of over-correcting for the PAH emission in the bottom two panels. For reference, 0.08 was used for M81, compared with the best-fitting correction of 0.05 for NGC 0628. the stellar spiral. The 4.5µm data also appear to have PAH contamination, although with a smaller correction needed (for example, in KKCT08, the 4.5µm data required a factor of 0.05 of the 8µm continuum-corrected image, as compared to 0.08 for 3.6µm). This is consistent with measured ratios of 4.5/8µm flux in Flagey et al. (2006) , who found ratios in the range 0.037-0.065, with an average of 0.048. For some galaxies in this sample the small scale contamination was significant, and removing these features was not always as straightforward as reported in KKCT08 for M81. For example, on examining the galaxies during the PAH removal process it was obvious that the spatial scales and locations of fine structure features at 3.6µm (or 4.5µm) do not always exactly match the 8µm PAH features. This does not appear to be a result of resolution differences, nor can the problem of residual substructure be fixed by a larger PAH correction factor: a demonstration of the effects of increasing the PAH correction factor can be seen in Figure 3 , where four different PAH correction factors are used, and for larger values the 8µm arms begin to show up clearly as negative features, even though some regions of positive small-scale substructure remain. The conclusion that can be drawn is that some of the small scale structure is probably direct emission from young stars in star forming regions, not PAHs. This is unfortunate but not as serious as might be imagined, since these features are much smaller than the underlying spiral structure that is the goal of this analysis.
From Figure 4 , it can be seen that the average fractional difference between the 0.05 and 0.07 PAH corrections for m=2 decreases from approximately 0.2 around R=50 pixels to 0.05 around R=350 pixels. The difference between the 0.05 and 0.06 PAH corrections is about half this. Thus, although the PAH correction cannot fully remove the small scale structure in the 3.6 and 4.5 micron images (probably due to some of this emission being due to OB associations or RSGs), the measured amplitudes of the azimuthal profiles are relatively insensitive to the exact PAH correction used; a significant change in PAH correction of several tens of percent has only a moderate effect on the measured amplitude of the spiral structure (even in a late type spiral such as NGC 0628). For a direct comparison of the errors associated with a ten per cent change in the PAH correction and the random noise in the profiles (as well as the discrepancies between the amplitudes measured from different wavelength data) the figures in Section 3 should be examined.
In the cases where the PAH correction clearly does not fully remove all small scale structure in the residual images it is possible to examine the effects of the remaining fine structure: Figure 6 shows NGC 1566 and an image which illustrates the degree of m=2 symmetry in the galaxy. Outside the bar region, the difference image shows the remnant PAH/young star features clearly, but almost no discernible contrast between the broader m=2 arms. Studying the small regions of contamination in the spiral arms shows that the flux can be more than three times as much in the areas of contamination than in the regions 180 o apart in the opposite arm. However, when the size of the regions in question is taken into account, it can be seen that the effect on the profile fitting of the lowest Fourier components should be negligible; in the bottom right of the lefthand panel of Figure 6 , a square 10x10 pixels is shown, which is of a similar size to the features in question. At a radius of ∼80 pixels, a feature 10 pixels wide corresponds to less than five per cent of the m=2 component azimuthal wavelength. As can be seen in Figure 7 , the sharp features due to this contamination do not cause the amplitude of the m=2 Fourier component to be over-estimated.
Many of the galaxies in this sample have large foreground stars overlying their discs, which need to be removed before the data can be analysed. In the case of M81 these stars were small enough to be corrected by hand using the IRAF task IMEDIT, but for other galaxies the stars are more significant and the PSF wings are non-negligible. For this process, the DAOPHOT package within IRAF was used to remove the largest stars.
As has been illustrated, despite a non-perfect PAH removal process the residual images are still suitable for analysing the spiral morphology, albeit with a certain degree of caution in some cases. A final step used XZAP, modified as in KKCT08 to use MEDIAN rather than FMEDIAN, to remove small cosmic-ray-like regions after the PAH corrections and PSF subtractions were applied.
Extracting the spiral structure.
Following the steps described above, the residual images can be used as tracers of the non-axisymmetric mass surface density. From these non-axisymmetric mass maps, the spiral structure may be extracted and analysed. First, the IRAF task ELLIPSE was used to extract intensity as a function of azimuth for a range of radii. In order to extract the variation of intensity with azimuth for the nonaxisymmetric mass surface density maps the model axisymmetric components were used to fit ellipticity and position angle as a function of radius. These input values were used to produce a series of azimuthal profiles for the residual images, and the data were combined into radial bins to give reasonably even coverage in log(R). The azimuthal profiles were analysed to obtain the strengths of all the Fourier components. To achieve this the data were re-binned to 1 o azimuthal bins to reduce noise effects and give a uniform angular separation for Fourier analysis. The PYTHON fast Fourier transform (FFT) NUMPY.FFT was used to calculate the Fourier components of each profile in turn.
The CURVEFIT routine in IDL then took the parameters determined by the FFT fitting as initial guesses for am and φm in equation 1. A constant background noise was included in the fit, providing an error estimate for each fitted parameter. In addition, in order to examine the errors in the fits caused by the remnant PAH features, profiles were calculated for ±10 per cent of the PAH correction (the PAH errors cannot be incorporated into the fit in the same way as a random noise term since the PAH errors are correlated with the peaks in the 3.6µm intensity, which would produce an unwanted weighting of the profiles with azimuth).
Although the azimuthal profile method can be extremely successful in identifying and characterising spiral arms, the method fails if an arm is crossed more than once by a single isophotal ellipse (which can occur if the disc or spiral arms are warped), or if the arm runs almost parallel to the ellipse (which happens if the spiral arms are tightly wound and/or the galaxy is highly inclined). In these cases another approach is needed to determine the amplitude and phase of the arms: instead of taking azimuthal profiles the galaxy is sampled radially, producing plots of relative amplitude vs radius. The image is sampled every 10 o , in segments that are 4 o wide, and with radial bins which are the same width as the radial steps between azimuthal profiles; an example may be seen in Figure 8 . From these profiles it is possible to identify the maxima and minima in relative amplitude, and hence determine the phase and amplitude of the spiral arms. It is worth noting that the radial profile method has some disadvantages when compared to the azimuthal profile method. In particular, it is harder to determine the amplitude of the wave because the amplitudes measured from radial profiles are more susceptible to bias from remnant PAH or young stellar emission. This is partly because the resolution of the azimuthal profiles is better, but more importantly the entire azimuthal profile is used when fitting each Fourier component, meaning that the fits are less susceptible to noise around the peak of the spiral arms. This is not the case in the radial profiles -only the regions around the maxima and minima are used; the phase should be determined from the radial mid-point of the wave (if measured trough-trough), and half the peak-trough height of the spiral gives the amplitude. These measures of spiral strength are chosen for maximum consistency with the amplitude measured from azimuthal profiles, but it should be noted that the quantities are not exactly equivalent (due to noise and radius effects). Further, because most of the noise comes from remnant PAH or young stellar emission which is located preferentially on the spiral arms, the maxima in the relative amplitude are more likely to be moved due to small-feature noise. However, difficulties in placing the minima in the relative amplitude can also affect the amplitude measurement, as well as the phase. Further, because the radial profile data are analysed by hand, the possibility of observer bias is possible; the residual images are used to guide the eye when identifying peaks in some particularly noisy profiles, and judgment calls are needed, for example to determine whether the highest point on the profile is likely to be affected by noise, or a genuine feature in the mass distribution. Finally, it is not possible to extract the Fourier components of the spiral arms from the analysis of the radial profiles. However, despite these drawbacks, the method offers the chance to obtain data that would otherwise be unavailable. Another advantage of the radial profile method, when compared to Fourier analysis, is that m=2 symmetry does not need to be assumed, unlike the analysis of Fourier m=2 components, and it is possible to analyse a non-symmetric two-armed spiral. A comparison of the data available from radial and azimuthal profile methods is presented in Figure 9 , in order to illustrate the differences. In the case of NGC 4321, the radial profile method simply shows more scatter, and the averages over the relevant radial range are approximately equal. But for the other two examples shown, NGC 0628 and NGC 3184, the radial profile data consistently overestimate the relative amplitude by a factor of ∼1.5 on average, and occasionally much more. For the two reasons outlined above -the lack of information on Fourier components and greater risk of overestimating the amplitudes -the radial profiles are only used to present data where the azimuthal profile method has failed. From Figure 9 it is clear though that the general trends in radius and amplitude seen in both methods are the same.
The majority of the analysis of these galaxies is carried out using the m=2 Fourier components to define the phase and amplitude of the spiral pattern. This is an important assumption, and worth discussing briefly, because spiral arms are not always (and possibly never) described by cos(2x) terms alone. The justification for this simplification is that m=2 is the dominant Fourier component in the majority of the spirals analysed here, and using the m=2 component alone reduces fine-structure contamination which increases in higher order components as finer angular scales are sampled. Finally, the use of m=2 alone allows for comparison with theoretical predictions which normally assume that spirals are twoarmed, and also allows for fair inter-comparison between different galaxies. But, it is important to note that cos (2x) is not an accurate reflection of profile shapes in many cases -they often have sharper peaks, are not always perfectly symmetric about the maximum, and the cosine term imposes 180 o rotational symmetry on the spiral arms. Despite these limitations, the azimuthal profiles are preferable, when the method is successful, due to the greater information available and reduced risk of contamination from fine scale structure.
Optical data.
Although it may initially seem surplus to requirements to include more than the SINGS NIR data in this survey, it became apparent that the data are not clean tracers of the stellar mass, and so it was decided to include other ways of measuring the stellar mass. The steps needed to obtain the stellar mass surface density and extract the spiral morphology from the optical data are described in the following section.
As with the NIR data, the colour-correction method described in KKCT08 could be applied to more galaxies. This colour correction is based in the work of Bell & de Jong (2001) , who use stellar population synthesis models in combination with model galaxies to derive the M/L for any wavelength, and the colours of the galaxy models. From these datasets they were able to show that colour varies with M/L, and thus colour could be used to recreate the true, wavelength independent, M/L ratio for a given wavelength and colour combination.
With the exception of NGC 2403 and NGC 3198, the optical data come from the SINGS archive. The data source does not affect the steps applied; however, the calibration of some of the optical images from the SINGS archive may be unreliable (probably due to cloud cover during some observations -(Calzetti 2009, private communication)). For these purposes it is not a problem: because the images are combined in log space, all factors used to multiply images in linear space are effectively combined into a single additional constant. However, the uncertainties in calibration do mean that the zeropoints will not be physically meaningful, and so the final mass maps can only provide the relative (not absolute) mass surface density.
The details of the colour-correction method are largely the same as described for M81 in KKCT08, with the additional removal of foreground stars by the IRAF DAOPHOT task PSF subtraction. The conversion of background subtracted images to logarithmic scales and subsequent combination of images creates a very noisy sky. As soon as the galaxy becomes comparable to the background light levels, the signal is lost. The result is that the radial range over which the spiral structure can be traced is less than for the IRAC images (even if the spiral arms are above the noise threshold, the inter-arm regions may not be). Another way in which the colour-corrected optical images may be flawed is due to the effects of dust. As noted by Bell & de Jong (2001) (BdJ) , the effect of dust extinction is negligible to first order, since the effects of extinction from dust largely cancel out with the associated reddening. However, this is not true for optically thick regions. In a few galaxies there were significant numbers of dust lanes that appeared to be optically thick, and could not be corrected (for an example, see Figure  10 ).
For the galaxies with SDSS data, the (g-r) colour was used in place of (B-V) and z was chosen as a substitute for I. In this case, the Bell et al. (2003) prescription to retrieve the stellar mass is log10(M/Lz) = az + bz(g-r), with az and bz taking values of -0.223 and 0.689 respectively. In other respects the process was identical to using B, V and I band data.
After the colour-correction, the surface mass density maps were run through GALFIT, keeping the same ellipticity and position angle as for the IRAC data. The azimuthal profiles were extracted from the residual images in exactly the same way as described for the IRAC data.
IRAC 8µm data.
In addition to the stellar mass surface density, the response of the gas is of importance when considering the effects of spiral structure. The stellar density wave is expected to trigger a shock in the gas, and this can be detected through the 8µm because this wavelength largely traces dust emission. The HI 21cm line is a more conventional tracer of gas shocks, but the 8µm emission band has several advantages because any galaxy in the SINGS sample has high resolution 8µm data available. Emission at 8µm is dominated by dust, which tends to be concentrated in regions of high gas density at (or just behind) the shock front. To be visible in emission the dust needs to be heated, and the primary mechanism for concentrated emission is the switch-on of young stars triggered by the shock front (stars will drift downstream from the shock as they form). The link between the two wavelengths is highly plausible (see Figure 11 ), although not all 8µm emission is from HI regions. The 8µm image is prepared for use by subtracting the stellar continuum emission, as described in KKCT08, but is otherwise unchanged.
RESULTS.
Not all of the galaxies in our sample of 31 turned out to be suitable for further detailed analysis of their spiral structure. In what follows we refer to the 13 galaxies for which we were able to characterise the infrared grand-design spiral structure in detail as the 'detailed sample' and we provide a description of the spiral parameters for each of these 13 galaxies in Section 3.1. These galaxies, together with their sizes, axis ratios and position angles are listed in Table 2 . There are a further 5 galaxies which we judged by eye to be describable as grand design in the near infrared but where we were unable to characterise their structure in detail. We briefly describe these 5 galaxies in Section 3.2 and refer to these galaxies collectively as the 'additional sample' . When we refer to the (NIR) Figure 11 . HI observation (known to trace shocked gas) on left, Spitzer 8µm on right, showing the degree of agreement between the emission at the two wavelengths. Images are to the same scale. The HI observation was obtained from NED, originally published by Braun (1995) .
grand design sample, we refer to the combined sample of 18 galaxies, comprising both the detailed sample and the additional sample. We classify the remaining 13/31 galaxies in our sample as being non-grand design (i.e. without a predominating m=2 mode) in the near infrared. These galaxies (together with the 5 grand design galaxies that we could not characterise in detail) are listed in Table 3 , together with their sizes and inclinations. We note that non-axisymmetric structure is discernible in almost all the galaxies listed in Table 3 : the only possible exception is NGC 1291 and even then the lens-shaped ring (visible most clearly in the 8µm image ) may in fact be two very tightly wound spiral arms (see Fig. 12 ). The galaxies in Table 3 are a mixture of ringed structures, and those where spiral structure is either of low amplitude or dominated by modes other than m=2 (see for example the archetypal short flocculent spiral structure in NGC 7793 in Fig. 12 ). This means that we also exclude from grand design status such galaxies as NGC 4254 which has clear three armed structure as well as those with a strong m = 1 mode such as NGC 1512 and NGC 4725 which display predominantly one-armed structure (although with evidence for a weak second arm in both cases).
The galaxies in our total sample cover the entire range of Elmegreen classes in terms of the optical classification of their spiral structure (i.e. they include all Elmegreen classes apart from 10 and 11, whose use was discontinued by Elmegreen & Elmegreen (1987) ). Their breakdown by Elmegreen class is as follows: 10 are in arm class 1-4, 14 in arm class 5-9, and 7 in arm class 12. Figure  12 illustrates a selection of 3.6µm infrared images of galaxies in our sample together with their Elmegreen arm class in the caption.
On the whole there is a general correlation between a galaxy being classified as grand design in the optical and in the near infrared. This is demonstrated in Table 1 , where the optical structure is classified by Elmegreen class: 1-4 corresponds to galaxies with weak or chaotic spiral structure, class 12 to well defined grand design spiral structure and classes 5-9 to intermediate cases. We find no galaxies that are optically grand design which do not show grand design structure in the NIR. This confirms that such structure is not merely manifest in the pattern of recent star formation (which tends to dominate the optical light) but represents structure also in the Class 1-4
Class 5-9 Class 12 NIR Grand Design (detailed) 3 6 4 NIR Grand design (additional) -2 3 NIR Non-grand design 7 6 - Table 1 . Breakdown of galaxies by optical (Elmegreen class) and NIR classification (this paper). Increasing Elmegreen class denotes an increasing degree of grand design structure in the optical. The additional sample comprises galaxies that are deemed to be grand design in the NIR but where there are issues preventing their inclusion in the detailed sample (see section 3.2 for further details).
underlying stellar mass distribution. We do however find (in line with the findings of Block & Wainscoat (1991) ; Thornley (1996) ; Elmegreen et al. (1999) ) that some optically flocculent galaxies in our sample show grand design structure in the near infrared. Among the galaxies that are grand design in the NIR, we find a variety of morphologies (although all, by definition, have a strong m = 2 disturbance). Some grand design galaxies are beautifully regular and symmetric, for example NGC 1566 or NGC 3031. However, this regularity is not seen across the whole sample: galaxies which appear to have distortions or asymmetries in their arms include NGC 5194 and NGC 4321. These spirals are largely symmetric under a 180 o rotation, but the the arms do not always follow a smoothly varying shape; clear kinks are evident at one or more radii. In other cases, for example NGC 3627 or NGC 4254, the symmetry between the arms is broken (see discussion in Section 3.2) or else a predominantly two armed spiral bifurcates and splits into sub-branches as in NGC 1566 or NGC 3938.
As expected given the range of morphology, the angular and radial extent of the stellar spiral arms varies hugely across this sample. The galaxies that have the most extended and continuous spiral arms in the stellar mass are NGC 0628 and NGC 5194, where the arms wind over angles in excess of 360 o (nearly 540 o in the case of NGC 0628). Even in the less extreme cases, many of the grand design galaxies have spiral arms which can be followed for o . In contrast, the galaxies which are not found to have underlying continuous spirals in their stellar mass have patchy arm segments that are continuous for no more than a few tens of degrees.
The 8µm images allow us also to study the distribution of warm dust in these galaxies, and hence the morphology of gas associated with regions of star formation. We find that in general the gas is more filamentary than the stellar distribution on small scales and that clumpy gas is associated with spurs and feathering (beautiful examples exist in NGC 3031 and NGC 5194). There is a general tendency for galaxies that show clear grand design structure in their stellar component to also show well organised structures in warm dust, although in some cases the inherent clumpiness of the 8µm maps makes the definition of clear spirals problematical. Even in cases where both the stellar distribution and the gas show clear grand design structure, the features are not necessarily spatially coincident. In particular we go on to analyse below whether there is evidence for any systematic azimuthal offset between the crests of the stellar distribution and the peaks in dust emission.
The final morphological factor that has not yet been addressed is the effect of bars. From examining this sample, the data are consistent with the usual link between bars and rings; rings are much more common in barred galaxies, but not ubiquitous (for example, NGC 1097 is strongly barred but not ringed). NGC 1097 is an example of a galaxy exhibiting both a bar and grand design spiral structure: in fact it is the bar that prevents our being able to char- Kennicutt et al. (2003) , the axis ratios and disc position angles are the values from the GALFIT disc fits, whether constrained by the kinematic data, or allowed to vary in a fully photometric fit.
acterise its spiral structure over a large radial range and causes us to exclude this galaxy from our detailed sample -see further discussion of this galaxy in Section 3.2. We discuss the correlation between bar status and grand design spiral structure in Section 4. Table 2 shows the sub-sample of galaxies chosen for further detailed analysis of their spiral structure (hereafter the 'detailed' sample). Here 'grand design' is interpreted purely as those galaxies that have reasonably coherent and extensive spiral arms in the stellar mass distribution (rather than the more precise definition introduced by Elmegreen & Elmegreen (1982) ). In the majority of cases this means that m=2 spiral arms dominate over other Fourier components, although there are a few examples of galaxies in the detailed sample for which power is more equitably spread among modes of different m. A comparison of the results from each of the galaxies in this section will be carried out in Paper II. 
Grand design spirals (detailed sample).

NGC 0628
NGC 0628 is classified as a SAc type galaxy, and is widely regarded as being an isolated field galaxy, although it has been suggested that NGC 0660 might have been an interacting companion some time in the past (possibly as long ago as 2x10 9 years (Elmegreen 1991)). NGC 0628 has an extended HI disc.
It is worth noting early on that the m=2 Fourier component imposes 180 o rotational symmetry on the arms. In the case of NGC 0628 it can be seen that the arms are not perfectly symmetric, especially in the gas response, and only one arm appears to be fully traced by the m=2 phase over the entirety of its length. However, it should also be noted that the residual contamination from the PAHs/young stars can be misleading to the eye. The underlying mass distribution is not necessarily traced exactly by the gas response, so the underlying arms (which are hard to discern in NGC 0628 at larger radii) may in fact be more symmetric than appears, and the symmetry masked by contamination and low amplitude. In contrast, 180 o rotational symmetry is not imposed on the phases determined by the radial profile method, but the method is more Figure 15 . NGC 0628. As in Figure 14 but with the maxima of the spiral arms being determined from the radial profiles method. susceptible to contamination from localized regions such as star forming regions. Thus, by comparing the plots of phase vs radius for the two methods -Figures 16 and 17 -and the pitch angles calculated from these data, it can be seen that the difference is not large. The average pitch angle measured by the azimuthal profile method is 17 o , whereas from the radial profiles the pitch angle is 16 o . The errors in these quantities are ∼1 o , suggesting that the difference between the two methods is not greater than the uncertainties. For a further discussion of general trends in the pitch angles and associated errors, see Paper II.
From Figure 16 it can be seen that the relative amplitude of the m=2 component in NGC 0628 shows a similar trend to that observed for M81, although the relative amplitude reached is larger by around a third. When compared to Figure 17 , the contrast in relative amplitudes determined for the two methods is striking. Although the same general trends are seen in both sets of data, there is much more noise in the relative amplitudes determined from the radial profiles (to be expected given that this method is more susceptible to contamination), and the relative amplitude is higher on average when measured by the radial profile method. The systematic differences between the two methods are discussed further in Paper II. Figure 18 shows the offset between the maximum of the stellar spiral m=2 Fourier component and the shocks in the gas, identified from the 8µm image. As is noted in the figure, the offset function used by Gittins & Clarke (2004) for a two armed spiral is twice figure; the m=2 components only. Shaded regions show the errors due to a 10 per cent change in the PAH correction factor, and the error bars show the errors associated with the random noise in the data. The optical data have a smaller radial range than the IRAC data because the signal to noise is much worse at larger radii in the colour-corrected data. Middle figure; this compares the strengths of the first four Fourier components. Multiple lines for a given value of m correspond to analyses based on 3.6, 4.5µm and colour-corrected I band images. Bottom figure; the phase of the m=2 Fourier component is plotted as a function of radius (this data is used to calculate the pitch angle). Colours are as for the top figure. the physical offset. The expected sign of the offset for an upstream shock is noted in the figure caption.
1 The shock in NGC 0628 appears to start to move upstream but then returns to the spiral arm. As can be seen when comparing the radial range of the offset data with the phase data from the stellar mass, the gas shock can not be traced as far in radius as the stellar spiral because it becomes difficult to follow, but there is a hint from the western arm that the gas starts to shock more upstream of the spiral arms again at larger radii. The errors in the offsets are dependent on two mea-1 In all cases, we deduce the direction of galactic rotation by assuming a trailing spiral pattern and we describe shocks as 'upstream' if they occur ahead of the spiral arm in the direction of galactic rotation. Such structures are however only 'upstream' as far as the gas is concerned at radii within corotation since it is only at such radii that the gas flow through the spiral arms is in the same direction as galactic rotation. Our nomenclature thus implicitly assumes that the radius of corotation lies at or beyond the outer extent of the spiral pattern. figure; shows the relative amplitude (half peak-to-trough) of the spiral. This measure of spiral strength is discussed further in section 2.1. Bottom figure; shows the phase of the peaks (this data is used to calculate the pitch angle). The same data may be seen overplotted on the residual image and 8µm image in Figure 15 . Colours are as for the top figure. Figure 18 . The offset between the gas shock (assumed to be traced by the 8µm emission) and stellar mass for NGC 0628; the triangles, circles and squares represent the 3.6µ, 4.5µm and I band colour corrected data respectively.. The offset function is twice the offset (offset function = 2(φ 8µm -φ stellar−arm )). In the case of NGC 0628 an upstream gas shock will give a positive offset.
surements; the phase of the m=2 and the phase of the shock. The errors in the phase of the m=2 mode of the stellar mass component, calculated by CURVEFIT, are indicated in Figure 16 (although a larger systematic error is possible if the assumption of measuring the offset of the shocks from the m=2 component maximum is incorrect). As well as the error in the phase of the stellar spiral, there is an uncertainty in measuring the position of the shock, which is estimated to be no larger than ∼0.1 radian (and decreasing with increasing radius). Again however, there is a possible systematic error since the switch-on of young stars is required to trigger PAH emission: thus, if anything, the shocks will be slightly upstream of the measured positions within corotation. The combined errors from the non-systematic effects are in general smaller than the scatter already apparent between the different wavelengths (due to the differences in m=2 component phase measured from the different wavelengths). 
NGC 1566
NGC 1566, of type SABbc, is the brightest member of the Dorado Group. An HI study of the group carried out by Kilborn et al. (2005) lists it as having two small companions, although it is not clear if the three galaxies are interacting (indeed, Korchagin et al. (2000) lists NGC 1566 as being apparently isolated). Figure 20 shows that NGC 1566 displays an unusual trend in relative amplitude with radius when compared to the majority of spirals in this sample. The peak at small radii in relative amplitude may be caused by a resonance with the bar; Buta et al. (2009) study the Fourier amplitudes in spiral galaxies with bars, and see a wide range of behaviours of the m=2 component in the region outside the bar. NGC 1566 is not the only galaxy to show this type of behaviour in the spiral arms (other examples from their sample being NGC 6384, NGC 0986 and, to a slightly lesser extent, NGC 6221). An alternative possibility presents itself when studying the images; it can be seen that although the very brightest regions are small, the arms are still very narrow and well defined up to R ∼ 0.35R25. Some of the unusual behaviour in relative amplitude may well be due to remnant contamination from underlying young stellar populations or associated PAH emission, although the fact that the I band colour-corrected data show exactly the same trend would suggest that this is not the case. Whatever the cause, the shape of the relative amplitude data agree well with trends in relative amplitude found by Elmegreen & Elmegreen (1990) , although the relative amplitude found here is less (a maximum of 0.5 compared to almost 0.7 in Elmegreen & Elmegreen (1990) ). The differences can be ascribed partly to the fact that Elmegreen & Elmegreen (1990) use optical data (hence probably including more contamination from young stars), and partly because the relative amplitudes are not measured in precisely the same way (though since the m=2 component dominates over the radial range of interest, the difference should be small). The spiral is lost after 0.5R25, but this is not very surprising; although on first inspection of Figure 19 the spiral arms appear to extend to R25 (particularly in the 8µm image), the main spiral does not extend beyond the end of the detected signal in azimuth; the structure at larger radii appear to be caused by a bifurcation in the arms. However, it is worth noting that NGC 1566 also has outer spiral arms, not traced in this work, which extend well beyond R25, and are most clearly obvious in the optical but are present, although very faint, in the IRAC images too. The most likely reason why they are not detected with this method is that the signal is lost amongst the background noise.
From Figure 20 , it can be seen that there appears to be a kink in the phase plot, but if the full range of phase vs radius data is In the case of NGC 1566 an upstream gas shock will give a positive offset.
examined the case for starting the arms at 0.1R25 rather than 0.2R25 is clearer. With the range used the average pitch angle is 20 o , and using a reduced range, with a lower cutoff at 0.2R25, the average pitch angle is unchanged to the nearest degree. Figure 21 shows the offset between the stellar spiral and the gas shocks. As can be seen the gas does not appear to form a shock consistently up or downstream of the stellar spiral, but instead oscillates about its position. This oscillation may be in part a product of the fact that the m=2 Fourier component is not dominant until R>0.2R25.
NGC 2403
NGC 2403, which is an SABcd spiral, is located in the M81 group but is isolated by the catalogue criteria in Karachentseva et al. (1997) . This is an interesting galaxy because the optical structure is very flocculent in appearance (Elmegreen type 4 (Elmegreen & Elmegreen 1982 , 1987 ), and even in the NIR the spiral arms are hard to distinguish. Nevertheless, as may be seen in Figures 22 and 23 , an underlying spiral is detected. An examination of the IRAC data suggest that an (approximately) logarithmic spiral can be detected to ∼0.5R25, beyond which it gets mostly lost to noise, although there are hints that very faint spiral structure might exist for at least another 180 o beyond the current radial limit of the data. In the optical the arms cannot be followed so clearly, but since the IRAC data do not have the same trouble it was decided to use the azimuthal profile data (preferable to radial profile data), but exclude the optical data from further analysis. Instead the optical data is presented here for comparison, in order to demonstrate that the amplitude and phases largely agree.
There is no offset data for NGC 2403; the gas response is too flocculent to define a shock. The average pitch angle measured from the two IRAC bands, but excluding the optical data, is 20 o .
NGC 2841
NGC 2841 is classified as an isolated (Karachentseva et al. 1997 ) regular SAb spiral without global spiral patterns (Kormendy & Norman 1979) . Sil'chenko et al. (1997) find evidence for decoupled ionized gas around the nuclear region, and a possible counter-rotating stellar disc (inner few arc seconds only). They attribute these features to the accretion of a companion galaxy some time in the past. The galaxy also has a central hole in the HI distribution (de Blok et al. 2008 ). NGC 2841 is classified as Elmegreen type 3, and is very flocculent in the optical and also when viewed at 8µm. However, in the NIR there appears to be smooth, well defined spiral structure. Block et al. (1996) attribute the spiral features in NGC 2841 to sheared 'dark clouds' -i.e. dust features rather than stellar features, and explain the lack of similar structures at optical wavelengths due to scattering of light by the dust at shorter wavelengths. The galaxy is highly inclined which is a distinct disadvantage in determining the spiral structure, especially when dealing with tightly wound spirals.
NGC 2841 was studied with the radial profile method after the azimuthal profile method proved to be unsuccessful at recovering grand design spiral structure (probably due to the complications listed above). It is difficult to draw any firm conclusions from the radial profile data, but tantalising hints emerge; a possible interpretation of the data is that there might be two different senses of spiral winding; an inner structure winding one way, with a pitch angle of ∼9 o , and outer spiral arms winding more tightly other way (pitch angle ∼7 o ), with the break at a radius of ∼0.45R25. This is a tenuous claim, and is difficult to verify; even with radial profiles it proved almost impossible to extract information about the spiral structure from most of the western side of the galaxy, and the galaxy is sufficiently inclined to make the image difficult to interpret. There is no offset data for NGC 2841 as the gas response is too flocculent to define a shock.
The relative amplitude of the structure that is detected is notably smaller than in optically grand design spirals (around a third of that seen for M81, and only a quarter of the relative amplitude measured for NGC 0628). This weakness of signal is also probably a contributing factor to the difficulties in picking up the spiral structure (and may therefore be a useful indicator of the limits of detectability -signals at the few percent level will be lost in the noise of these observations). However, despite the weakness of the signal, the general trend seen for the more well-defined spirals is seen, and the relative amplitude of the arms increases approximately linearly with radius.
NGC 3031 (M81)
NGC 3031, which is of type SAab, is the dominant member of the M81 group, and is part of an interacting triplet. M81 also has extended XUV arms, probably as a result of the tidal forces at work during the interaction. Because NGC 3031 was discussed at length in KKCT08 the results are presented here simply to provide easy comparison with the other galaxies in the sample and will not be analysed further. It is also worth noting in passing that the method of calculating error bars is different for the results presented here than in KKCT08. Similarly, because the offset between the gas shock and stellar spiral was discussed in detail in KKCT08, the results will not be presented again in this section.
NGC 3184
NGC 3184 is classified as SABbc, and is listed as an isolated binary in Karachentsev & Makarov (2008a) .
NGC 3184 had to be studied with radial profiles; similarly to NGC 5194 in Figure 8 , the phase determined by the azimuthal profile method sometimes skipped sections of the arms. As can be seen from Figure 28 , one advantage of radial profiles is that subsidiary Figure 15) . R 25 = 4.05 arc minutes. There are no optical results from radial profiles as it was impossible to determine peaks in the radial profiles (probably due to large dust extinction).
sections of spiral arm can be identified as well as the main spiral arm. These smaller spiral sections, possibly due to bifurcations in the main spirals, can be observed in Figure 29 . Despite these extra features it is possible to trace two main spiral arms over a significant radial range, and from this determine a pitch angle which has an average value (for the three wavelengths) of 19 o . From Figure 29 it can be seen that the noise in the signal is significant, but the general trend is for the relative amplitude to be lower than in most cases, only reaching the 20 per cent level. Figure  30 shows the offset as a function of radius. In this galaxy there is considerable scatter in the offset, mostly due to the fact that the phase estimates from the three stellar mass maps are significantly different at some locations, but there is still a clear trend for the gas to shock upstream of the stellar spiral (i.e. inside the arm). 
NGC 3198
NGC 3198, which is of type SBc, has a small warp in the HI disc, but shows no other signs of interaction (Taga & Iye 1994) , and has no obvious nearby companions. As can be seen, NGC 3198 is one of the most highly inclined galaxies in the sample, with an axis ratio of 0.35. This is a distinct disadvantage when trying to determine the spiral structure, as has already been discussed. However, despite the non-ideal orientation, it is possible to follow spiral structure over a large radial range in the IRAC data. Unfortunately, the optical data cannot be traced as far out as the NIR; this is in part due to the fact that the sky noise dominates from around 0.8R25, but even inside this radius the signal to noise is poor, and the spiral structure cannot be followed reliably beyond ∼0.5R25. However, where the optical data is reliable it is in reasonable agreement with the IRAC data. Figure 32 shows that the relative amplitude of the m=2 component seems to follow the standard trend of increasing with radius and it can be seen that m=2 dominates over the majority of the radial range. The local minima in the m=2 amplitude are worth considering: in previous studies, some authors have linked features such as these to resonances such as the ILR or inner 4:1 resonance (e.g ). However, caution should be exercised in this interpretation; other features such as contamination from star forming regions or projection effects should also be considered. (Projection effects would probably decrease the observed arm strength near the ends of the minor axis, which is approximately where the m=2 amplitude is weakest, therefore this is a serious possibility).
One feature of the phase-radius plot in Figure 32 is the regions such as those between 0.4-0.5R25 where the phase does not change. From Figure 31 it can be seen that these features align with the minor axis, suggesting that this may well be an artefact due to the high inclination angle of NGC 3198, rather than a genuine feature. There is a patch of particularly strong PAH emission (and probably contributions from young stars too) on the eastern arm; when combined with the poor radial resolution along the minor axis this can probably explain the effect. If these 'warps' in the phase of the arms are artefacts then the effect should smooth out over 360 degrees, and the best way to calculate the pitch angle is to trace the arms over a full revolution. If the warps are genuine features then clearly one pitch angle can not satisfactorily describe the shape of the spiral in NGC 3198. However, assuming the spirals are in fact approximately logarithmic, the average pitch angle is found to be 15 o . As with NGC 0628, the shocks could not be followed over as large a radial range as the stellar spiral, but Figure 33 shows that the shock in NGC 3198 has a clear tendency to be upstream of the stellar spiral.
NGC 3938
NGC 3938 is an SAc galaxy, located in the Ursa Major Cluster. It has no close (< 100 kpc) companions (Jiménez-Vicente et al. 1999).
NGC 3938 is a very similar spiral to NGC 0628, although interestingly the relative amplitude does not reach as large values as NGC 0628 (despite being at similar radii relative to R25). Part of the reason for this may be that the m=1 and m=3 components appear to dominate the Fourier decomposition equally after R∼ 0.45R25, thus leaving less power for a single component (be it m=2 or anything else). The minimum in the m=2 relative amplitude between 0.5-0.6R25 is reasonable; from examining the image it can be seen that the m=3 component should be strong around this radius as there are three approximately equally spaced regions with strong emission (at approximately 2, 6 and 10 o'clock in Figure 34 ). The deviations from exact m=3 symmetry can explain the strength of the m=1 component too. However, using the m=2 signal over the radial range indicated in Figure 35 allows a pitch angle for the spiral to be calculated, which has an average value of 15 o . Using the m=2 component to calculate the pitch angle even when it is no longer the dominant component may seem unwise and does limit the available information, but in the case of NGC 3938 it appears to be justified; examining Figure 34 shows that the phase of the m=2 Fourier component still appears to follow the maxima in the mass distribution. Figure 36 is interesting, in that the offset plot clearly distinguishes the two spiral arms. The trend is for the shock to lie inside the arm (upstream) for both arms, but the offset is significantly larger for one than the other. As has already been noted this spiral is not perfectly symmetric, as evidenced by the relatively strong m=1 and m=3 components, and this will account for the different offsets measured from arm to arm. 
NGC 4321
NGC 4321 is an SABbc type spiral in the Virgo cluster. It has two apparent dwarf companions, VCC 608 (NGC 4323) and VCC 634 (NGC 4328), which are at projected distances of only 24 and 28 kpc respectively. The HI disc is lopsided, possibly due to a past interaction, or ram pressure stripping in the Virgo cluster (Knapen et al. 1993 ), and does not extend far the optical radius, again probably due to stripping of the gas. NGC 4321 had to be studied with the radial profile method, for the same reasons as NGC 3184 and NGC 5194. From the positions R/R 25 Figure 33 . The offset between the gas shock and stellar mass for NGC 3198. In the case of NGC 3198 an upstream gas shock will give a negative offset.
of the maxima in Figure 37 it can be seen that the arms appear to have a kink (particularly clear in the eastern arm), possibly due to a warp in the disc (Canzian & Allen 1997) ; this may well be due to the influence of one or both companion galaxies. As can be seen from Figure 38 , the relative amplitude has a slight peak just inside the kink, but this may well be due to the strong star formation around that region (and being radial profile data, this is particularly vulnerable to contamination). On average, the relative amplitude is stronger than that observed for most galaxies; this may be partly explained by the likelihood of contamination from localised star formation (as seen in NGC 0628 where the relative amplitude from radial profiles was observed to be higher than the corresponding azimuthal profile data), but NGC 4321 has extremely well defined spiral arms, so a large relative amplitude is not unexpected.
It can be seen in Figure 38 that, although the kink in the eastern spiral arm is clear, the trend in the azimuthal angle of the peak of the o . The trend in offset with radius for NGC 4321, shown in Figure 39 , seems to be rather different to most galaxies. There is considerable scatter at the smallest radii (as can be seen in Figure 37 , the spiral arms are not well defined here, so the scatter should not be surprising). However, the shock does not appear to diverge from the stellar spiral arms except at the largest radii sampled, where the shock moves only slightly upstream of the stellar wave.
NGC 4579
NGC 4579 is of type SABb, and is a member of the Virgo cluster. As with NGC 2841, the radial profile method was applied to NGC 4579 after the azimuthal profile method had failed to recover evidence for an underlying spiral.
From Figure 41 it can be seen that the relative amplitude of the spiral arms is about 20 per cent, with the expected large scatter. This amplitude is lower than for many galaxies, but not exceptionally so, and although there is a slight increase with radius the trend in relative amplitude is flatter than most. The cause is not immediately clear, but may be related to the fact that the PAH emission is much stronger inside 0.4R25 than outside (again, the possibility of contamination from young stars/PAHs is much larger than for azimuthal profiles). The phase-radius behaviour is also fairly normal; R/R 25 Figure 36 . The offset between the gas shock and stellar mass for NGC 3938. In the case of NGC 3938 an upstream gas shock will give a positive offset.
the causes of the deviations from the logarithmic behaviour (around 0.6 and 0.8 R25) can be seen more clearly in the 8µm image, where the points are clearly coincident with features in the gas which are mirrored in the residuals, although the contrast is less clear. Fitting a logarithmic spiral to the phase data gives an average pitch angle of 18 o . Figure 42 shows the same general behaviour as many of the galaxies encountered so far, in that the gas shock tends to be upstream from the stellar potential minimum, albeit with a large amount of scatter in the offset at some radii (due to the deviations from logarithmic spiral behaviour around 0.6R25). NGC 4579 is perhaps unusual in that the shock is consistently upstream, even at the smallest radii sampled. R/R 25 Figure 39 . The offset between the gas shock and stellar mass for NGC 4321.
In the case of NGC 4321 an upstream gas shock will give a negative offset. 
NGC 5194
NGC 5194, which is classified as type SABbc, forms a strongly interacting pair with NGC 5195 (M51b). Many simulations of the interaction between M51 and M51b have been performed; recent work includes models by Salo & Laurikainen (2000) and Theis & Spinneker (2003) which indicate that the most likely scenario is for M51b to be in a bound orbit around M51. As already described, NGC 5194 was not successfully analysed with azimuthal profiles, so instead the radial profile method was used. The general trend for relative amplitude to increase with radius is not obeyed by NGC 5194, although the scatter in measurements is particularly large. As with NGC 4579, the fact that NGC 5194 does not show an increase in relative amplitude with In the case of NGC 4579 an upstream gas shock will give a negative offset.
radius may be due to the fact that the gas response appears to be stronger in the central regions than in most other galaxies in this sample (as witnessed by increased star formation). The scatter may be attributed to the high rates of star formation on the arms, and susceptibility of the radial profile method to contamination from areas of star formation. As with many of the galaxies for which the radial profile method was used, the spiral arms do not follow perfect logarithmic spirals. In this case, the arms are clearly kinked, possibly due to a warp in the disc of NGC 5194 caused by the close passage of the companion NGC 5195, or alternatively the kinks may be a direct result of tidal forces caused by the companion. (The latter interpretation is preferred by Dobbs et al. (2010) who run simulations of the interaction between NGC 5194 and NGC 5195 using both stellar and gaseous components, and find a distinct switch in behaviour at ∼4kpc (∼0.3R25) between a more stable spiral inside and purely shearing spiral arms outside). In either case, the irregularities show up clearly on the plot of phase vs radius in Figure 44 . It is also notable that NGC 5194 does not display 180 o rotational symmetry -one of the arms is much closer to a logarithmic spiral than the other, which is also easily attributed to the effects of the companion. However, despite the irregularities it is possible to fit a straight line to the phase-radius plot and calculate an average pitch angle of 14 o , making NGC 5194 one of the tighter wound spirals in this sample. Figure 45 shows the offset between the stellar spiral and gas shock. This plot shows that the shock is generally, but not consis- tently, upstream of the stellar wave, however there is a great deal of fluctuation. This variation is probably a manifestation of the strong tidal interactions that NGC 5194 and NGC 5195 are undergoing, and may well be further influenced by the fact that the disc may not be flat. Dobbs et al. look for offsets between the peak of the gas density and the stellar wave, and find that offsets tend to be small, with any variations being local and transient. The offsets found by Dobbs et al. are slightly smaller than those that we observe but the simulations, like the data for this galaxy, find that the sign of the offset fluctuates with radius.
NGC 6946
NGC 6946, which is of type SABcd, is described as 'relatively isolated' (Israel & Baas 2001) . Surveys suggest that there are a number of companions in bound orbits around NGC 6946, but that tidal effects are undetected, and so the system cannot be strongly interacting (Pisano & Wilcots 2000) .
This is an interesting case. Clearly if there is a single underlying two armed spiral it is very weak, because the gas response and residual image both show that from ∼0.3R25 the spiral structure The offset between the gas shock and stellar mass for NGC 5194. In the case of NGC 5194 an upstream gas shock will give a negative offset.
show indications of four armed structure, and indeed the Fourier breakdown shows that m=2 is only dominant up to 0.5R25. Beyond 0.5R25 the pattern is asymmetric, as witnessed by the relative strength of m=1 (optical) and m=3 (optical and IRAC data), and in the IRAC bands the m=4 component is also of a similar strength. As can be seen from Figure 46 , there is some disagreement between the IRAC and optical data over the position of the dominant mode. The I band colour-corrected data is clearly detecting more tightly wound m=2 spiral components than the IRAC data, with a significant difference in amplitude. This is the only galaxy where the results vary to this degree; the IRAC data places the main peak of the m=2 component on the outer of the two spiral arms, and the optical data places the main m=2 peak on the inner spiral. The reason for the difference is probably due to a combination of factors; firstly the four-armed and strongly asymmetric nature of NGC 6946 means that the m=2 component is clearly not going to provide an ideal description of the pattern. In addition, the relative importance of regions with strong star formation and associated PAH emission probably explain the emphasis on one set of spiral arms or the other between the IRAC and optical data; it is clear from looking at the residual image that the fine structure is not fully removed even after the PAH correction and XZAP have been applied, and in the optical mass surface density image the effects of dust lanes are still apparent, even after the colour correction. It is not easy to determine which of these interpretations of the data is more correct. Examining the 2MASS Ks image of NGC 6946 suggests that the optical data may in fact be more accurate in this case, but as described in KKCT08, the 2MASS data are not deep enough to make a full analysis worthwhile. In the analysis of the results the data for each of the three wavelengths are presented separately, so the IRAC bands and optical data can be considered independently. The average pitch angle for the three wavelengths is 28 o , but it should be noted that this hides a large spread in measured pitch angles between the two IRAC bands (29 o average) and the more tightly wound spiral detected by the optical data (24 o ). There is no offset data for NGC 6946 because the gas response is too flocculent to be able to identify a shock.
NGC 7793
NGC 7793 is an SAd type spiral galaxy in the Sculptor Group, which has an unusually large HII disc. NGC 7793 is also listed in the Karachentsev & Makarov (2008b) catalogue of isolated binary galaxies, with a companion at a projected distance of 165kpc.
NGC 7793 is extremely flocculent in the optical (Elmegreen class 2), but as with NGC 2403 and NGC 2841, there appears to be underlying spiral structure in the stellar mass, and although this is not obvious from the residual image (Figure 48) , with the identified m=2 phase to guide the eye the fit looks plausible. It should be noted, however, that the m=2 mode is not dominant over any of the other Fourier components, and indeed m=1 is in fact the strongest component beyond 0.6R25, suggesting that the galaxy is slightly lopsided. The lack of dominance of a single mode may in part explain the fairly low values of the relative amplitude (either m=2 or any other), but this is consistent with expectations for a flocculent galaxy, where more power is predicted to be in the higher order Fourier components (m ≫ 4) rather than low-m values. Examining the m=2 phase as a function of radius (Figure 49 ), it can be seen that the spiral arms are not perfect logarithmic spirals, but the general trend is approximately linear, and can be used to calculate a pitch angle for the m=2 spiral arms of 16 o (averaged over the three wavelengths used). The gas response is too flocculent to be able to identify a shock, so no offset data is available for NGC 7793
Other spirals.
The spirals which are not included in the detailed sample are listed in Table 3 (hereafter the 'non-detailed' sample). The reasons for excluding these galaxies vary; in some cases it is simply because there does not appear to be grand design spiral structure present.
However, as noted at the beginning of Section 3, there are five galaxies (i.e. NGC 4254, NGC 3627, NGC 1097, NGC 4536, NGC 4450 , which together constitute the 'additional sample' ) which we consider to be 'grand design' in the NIR but which we find to be unsuitable for detailed analysis. Briefly considering each of these in turn: NGC 4254 is a highly asymmetric galaxy, with one strong arm with high pitch angle on one side but with a disordered set of two or three stubby arms on the opposite side. NGC 3267 is likewise asymmetric with bifurcation of the arm on one side. NGC 1097 is a textbook grand design spiral but whose analysis is complicated by its strong bar, from whose ends emanate two very narrow spiral arms. These wrap around tightly through 180 o and then form more open spiral arms after the first half-turn. The strength of the bar and associated morphology present a unique challenge in studying its spiral structure. In addition, correcting for the resulting PAH emission is hindered by the fact that the 8µm image is saturated in the nucleus, leading to charge bleeding effects in a direction approximately parallel to the bar. In an attempt to account for the presence of the bar, an extra component was added to the GALFIT model of this galaxy. However, the morphology around the bar is not well described by a combination of bar plus logarithmic spiral and we were finally only able to characterise the structure in a narrow radial range, well beyond the bar. For this reason, NGC 1097 is omitted from the detailed sample. Turning to NGC 4536, analysis is again complicated by a bar and strong circumnuclear star formation. Finally, NGC 4450 is an early type galaxy with essentially no star formation in the disc and where the spiral arms (although discernible by eye) are too faint for our analysis.
DISCUSSION
One important question raised by this work is whether there are any systematic differences between the galaxies in the detailed sample and those in the non-detailed sample (beyond the obvious presence or lack of detectable coherent or grand spiral structure); specifically whether the b/a and R25 selection criteria affect the category in to Table 3 . Galaxies that could not be included in the sample with grand design spiral structure. R 25 is from Kennicutt et al. (2003) . The axis ratios and position angles are the results of our fitting procedures (see text for details). Figure 51 . Plot of galaxy size vs the category; either those in the detailed sample (top line) v.s. those in the non-detailed sample (bottom line). As can be seen, the detailed sample are slightly larger on average, but this is almost entirely due to the two biggest galaxies in the detailed sample, NGC 2403 and NGC 3031.
. which a galaxy is assigned. As discussed earlier, the more inclined a galaxy, the harder it is to extract a signature of spiral structure. However, the presence of galaxies in the detailed sample with axis ratios below 0.4 (see Figure 50) suggests that the cutoff in inclination was applied at a suitable position, and galaxies with relatively small axis ratios can still be analysed successfully (although there may be some for which the inclination does cause problems).
As well as the inclination effects, the galaxy size is also a potential influence on the detectability of spiral structure; all other things being equal, a larger galaxy will be better resolved and thus easier to analyse. However, from Figure 50 , it can be seen that the size of R25 is not a contributing factor to the detection of spiral structure in this sample. A similar conclusion can be drawn from Figure 52 , where there is no systematic difference between the distances to the galaxies with grand design spiral structure and those without.
From these results it can be concluded that the limits imposed on axis ratio and R25 have not unduly biased the results: although one might suspect, for example, that tightly wound arms would be harder to detect in high inclination systems, our distribution of derived pitch angles shows no deficit of small pitch angles for larger axis ratios. Instead, the major limitation that affects this work is simply one of sample size; of the 75 SINGS galaxies, only 31 satisfy all the selection criteria and of these only 13 have quantifiable spiral structure. Thus any conclusions drawn from a comparison of galaxy properties with spiral structure is going to have to be tempered by the consideration of the statistical noise.
Relationship between grand design status and non-axisymmetric structure
Grand design spirals are defined as those with coherent and large amplitude structure in the m=2 mode. We can therefore use our classification to enquire whether such galaxies necessarily exhibit larger amplitude non-axisymmetric structure than those not deemed to be grand design. In Figure 53 we plot the rms power in the residual images (normalised to the local axi-symmetric value) as a function of radius (normalised to R25). Each point represents a mean for all the galaxies that are not grand design in the NIR (red symbols) and those in the detailed and additional samples (green and blue respectively) with the error bars representing 1σ limits. Figure 53 demonstrates that the grand design galaxies have higher non-axisymmetric power levels (as expected given their definition) but that the difference is relatively modest. Thus non-grand design galaxies are not significantly smoother than their grand design counterparts because they in many cases possess a wealth of structure that is either concentrated in higher order modes or is not coherent over a significant radial range. One might then not expect any strong correlation between grand design status and phenomena (such as star formation rate) that are correlated with regions of locally enhanced density. Figure 54 shows the fraction of galaxies with strong spiral structure relative to those without, plotted by Hubble type. It seems that around half of the mid-to-late type spirals have detectable spiral structure in the NIR, except the very late type spirals, where the optical discs are extremely flocculent and a smaller fraction ( have underlying spirals. A possible explanation for the low fraction of early type (Sab and probably Sa) galaxies showing grand design spiral structure is that such galaxies have a low gas fraction. It is often argued that gas plays an important role in amplifying and sustaining spiral structure since in many simulations, the rising velocity dispersion in the stars otherwise washes out spiral structure over a few galactic rotation periods (e.g. (Sellwood & Carlberg 1984; Semelin & Combes 2002) ). Gas (together with star formation, which supplies new stars on circular, i.e. dynamically cold orbits) provides an effective dynamical cooling which helps to maintain the disc in a gravitationally unstable state. According to this line of argument, one might not expect to see long lived spiral structure in isolated, gas poor galaxies. However, this statement needs to be carefully quantified, especially as the requirement on the amount of gas required is almost certainly linked to numerical factors (discreteness effects) that over-estimate the heating of the stellar disc in most simulations. Of the six Sab galaxies in our sample which do not make it into the detailed sample, two are anaemic or have low star formation rates outside the centre (NGC 4569 and NGC 4826. The latter has the added complication of a counter-rotating gas disc as well).
Relationship between grand design status and Hubble type
Relationship between grand design status and bar strength
In addition to Hubble type, the prevalence of spiral structure as a function of bar strength was examined. There is no statistical link (within the errors) between a galaxy's optical bar classification (SA, SAB or SB) and whether or not measurable spiral structure was detected. Clearly a larger sample of galaxies is needed to help investigate this link further, but this result is in agreement with Seigar et al. (2003) who find no evidence that strong bars (classified in the optical) drive spiral structure. Figure 55 shows the non-axisymmetric power in the residual images plotted against bar class; SA, SAB or SB. Note that all 31 spiral galaxies in SINGS with suitable size and axis ratios have been plotted in this figure, since evidently it is not necessary for a galaxy to display a well defined logarithmic spiral in order to be able to assess its level of non-axisymmetric power. It can be seen that barred (SAB and SB) galaxies tend to have more power, a factor of 1.6 on average, in their non-axisymmetric components than non-barred (SA) galaxies. This trend is statistical rather than absolute: some barred galaxies have relatively low non-axisymmetric power, but the overall behaviour is unmistakable, and is illustrated further in Figure 56 . As can be seen in this figure, the distinction between SAB and SB galaxies is much less clear than with SA galaxies; this may well be because many galaxies are more strongly barred than their optical appearances suggest (Grosbøl et al. 2004) . Of course, the bar itself will contribute to the non-axisymmetric power at small radii but the enhancement of non-axisymmetric power at radii well beyond the bar's extent is more surprising. When combined with the fact that no link was found between bar type and m=2 spiral structure, this result suggests that bars do drive non-axisymmetric structure, but not necessarily in the main m=2 mode.
Relationship between grand design status and the influence of companion galaxies
A similar investigation may be carried out into the effects of companion galaxies on spiral structure. A search for companion or satellite galaxies to those in this sample was made using the NASA/IPAC Extragalactic Database (NED). We make an 'inclusive' definition of a companion galaxy as being one that satisfies a number of criteria; velocities must fall within ±400kms −1 of the target galaxy, (projected) distances satisfy the criteria R proj R 25 < 10.0, and a B band apparent magnitude cutoff of +15 is imposed (most galaxies in this survey have magnitudes of around +10, so the companions are no less than ∼100 th of the mass). The projected distances are of course a lower limit to the separation in three dimensions.
We also make a 'restricted' definition of a companion as being one where the tidal pull, P, exceeds 0.01 ((Byrd & Howard 1992); P =
Mc/Mg
(r/R) 3 ; Mg is the galaxy mass, Mc the companion mass, R the galaxy radius, and r is the projected separation). This selects out only the pairs where there is most likely to be a strong dynamical influence and represents a limited subset of the companions identified in the 'inclusive' companion sample. Table 4 details the fractions of galaxies that have companions in each category according to whether or not they are classified as grand design galaxies in the infrared. We see a positive correlation between the presence of companions and grand design structure (particularly if we only consider the strongest interactions) so long as we include all the galaxies in the additional sample in our definition of those with a well defined spiral structure. The figures in square brackets show the results if we instead classify the additional galaxies as lacking spiral structure: this reclassification changes the correlation significantly because 4 out of the 5 of these galaxies have a companion, and in two of these cases the companions exert a strong tidal pull (P > 0.01). We can also see from Figure 53 that these galaxies in the additional sample have high values of nonaxisymmetric power. We thus see that companions are associated with large amplitude structures in the disc but that these structures are not necessarily ones that can be analysed as a coherent m=2 structure. Table 4 demonstrates that the presence of a close companion is (almost) a sufficient condition for associated structure: only one galaxy with a close companion in projection (NGC 1512) ) is in our 'non grand design' category and inspection of Figure 12 demonstrates that this galaxy, although not classically grand design, shows significant structure in its outer regions.
However, possession of a close companion is evidently not a necessary condition for galaxies to be placed in our 'NIR grand design' category, since there are 7 galaxies in this category that are 'isolated' according to our 'inclusive' definition. (Note that some of these galaxies may have bound companions but that they do not fulfil the requirements in terms of projected separation and magnitude difference set out above). Inspection of these galaxies on a case by case basis however reveals that such galaxies are either barred or else, more frequently, exhibit grand design structure in the NIR that is rather weak (and in some cases, these same galaxies have been classified as flocculent in the optical). Thus weak spiral structure in the NIR does not apparently require the presence of a companion.
These findings are broadly in line with results on the correlations between companions and grand design structure found in previous optical studies. For example, Seigar & James (1998) find an increased number of m=2 spirals amongst those galaxies with companions within 6 galaxy diameters. Kormendy & Norman (1979) found that galaxies with grand design structure either rotate with solid-body rotation over the radial range of the spiral pattern, or have a companion or bar which can drive the pattern if the rotation is differential. Similarly, Elmegreen & Elmegreen (1982) found that the majority (68 per cent) of isolated SA spirals have flocculent structure, and that galaxies without companions or bars are more likely to be flocculent.
CONCLUSIONS
.
Underlying two-armed spiral waves in the old stellar population are not ubiquitous in disc galaxies; Table 4 . Table showing the fraction of galaxies with grand design spiral structure (left column) and without such structure (right column) that have companions, defined 'inclusively' in the text (upper line ) and defined restrictively in the text (in terms of their tidal pull) on the lower line. In each category, the first number is the fraction if the well defined spirals are taken to be the 13 objects in the detailed sample plus the 5 objects in the additional sample, whereas the following figure in brackets is the fraction in the case that the well defined objects are taken to be the 13 objects in the detailed sample only.
be analysed in detail. We judged a further 5 galaxies to be grand design even though we were unable to quantify their structure in detail (see discussion in Section 3.2). Thus around half of the disc galaxies analysed have grand design spiral structure in the old stellar population. The galaxies in which grand design spiral structure could not be detected exhibit a variety of structures but significant non-axisymmetric power is detected in almost all cases, with the range of values overlapping those found in grand design galaxies (see Figure 53 ). This simply means that in many non grand design galaxies there is significant power in higher order modes or else that an m=2 mode is strong only over a restricted radial range.
In general there is a good correlation between galaxies being grand design in the infrared and in the optical (see Table 1 ). There are no galaxies that exhibit grand design structure in the optical that do not also exhibit such structure in the near infrared, as is consistent with the expectation that the spiral structure involves the dominant stellar mass component in the galaxies, rather than merely the products of recent star formation. On the other hand, as noted by Block & Wainscoat (1991) ; Thornley (1996) ; Elmegreen et al. (1999) , we have several examples of objects that are optically flocculent but which do exhibit near infrared grand design structure.
Bars have been linked to spiral structure in some previous research (Elmegreen & Elmegreen 1982) , but in this work, no link is found between a galaxy being barred and having spiral structure, suggesting that bars do not trigger spirals in the majority of cases. This result is in agreement with Seigar & James (1998) . When the non-axisymmetric power in the whole sample is analysed it is found that bars do seem to increase the degree of substructure in the disc, even beyond the radial extent of the bar; SAB and SB galaxies are found to have ∼1.5 time more power in their non-axisymmetric components than SA galaxies (see Figure 56) .
The sample was also examined for evidence of spirals being triggered by interactions with companion galaxies. Here, we find that those galaxies with strong spiral structure have a higher incidence of companions than those without, and that this correlation increases if one restricts the definition of a companion to those exerting the strongest tidal influence (see Table 4 ). Interestingly enough, we find that 4 out of 6 of the systems undergoing the strongest interactions are placed in our 'additional sample', which comprises a handful of galaxies that -though being clearly 'grand design' and with a large amplitude of non-axisymmetric structureare nevertheless not possible to analyse as a simple m=2 logarithmic spiral (see Section 3.2 for a discussion on a case by case basis). This result may thus relate to the temporal sequence in which modes develop during a tidal interaction (see (Elmegreen et al. 1992 ) and simulations of spiral generation during encounters by Oh et al. (2008) ; Dobbs et al. (2010) ). We do also find a number of galaxies with grand design spiral structure and with no evidence of a suitable companion. However, these are generally either barred galaxies or else are objects where the level of grand design structure in the NIR is relatively weak (and which may even be classified as flocculent in the optical). We therefore conclude that whereas strong prominent grand design structure is generally associated with either a bar or a companion, weaker structure in the NIR may also occur in isolated, unbarred systems.
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